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Genistein Reduces Tumor Necrosis Factor a-Induced Plasminogen 
Activator Inhibitor-1 Transcription but not Urokinase Expression in Human 

Endothelial Cells 

By Victor W.M. van Hinsbergh, Mario Vermeer, Pieter Koolwijk, Jos Grimbergen, and Teake Kooistra 



The plasminogen activator inhibitor PAI-1 is markedly ele- 
vated in vivo and in vitro upon exposure to the inflammatory 
mediators tumor necrosis factor a (TIMFa), interleukin-1 (IL- 
1), and bacterial lipopolysaccharide. Here we report that the 
isoflavone compound genistein prevents the increase in syn- 
thesis of PAI-1 induced by these inflammatory mediators in 
human endothelial cells in vitro, and partially reduces the 
basal PAI-1 production by these cells. These effects of gen- 
istein were accompanied by a decrease in PAI-1 mRNA and 
in a suppression of the PAI-1 transcription rate as shown 
by run-on assay. A specific action of genistein, probably by 
inhibiting a tyrosine protein kinase, is likely, because the 
structural genistein analogue daidzein, which has a low tyro- 
sine protein kinase inhibitor activity, did not inhibit PAI-1 
synthesis. Vanadate, a tyrosine protein phosphatase inhibi- 
tor, increased PAI-1 production. The effect of genistein on 
PAI-1 synthesis was rather selective. Herbimycin A also re- 
duced PAI-1 synthesis, but several other tyrosine protein 
kinase inhibitors, namely tyrphostin A47, methyl-2,5-dihy- 
droxy-cinnamate, and compound 5, were unable to do so. 
All these tyrosine protein kinase inhibitors reduced basic 
fibroblast growth factor (b-FGF)- induced [ 3 H]thymidine in- 
corporation in endothelial cells. This indicates that the ef- 

PASMINOGEN ACTIVATORS regulate fibrinolysis 1 2 
and play an important role in local proteolytic pro- 
cesses, which occur in cell migration, cell invasion, and 
angiogenesis. 3 " 5 Plasminogen activation is controlled by cel- 
lular receptors and specific inhibitors, in particular plasmino- 
gen activator inhibitor-1 (PAI-l). 67 PAI-1 is synthesized in 
the vascular wall and, depending on the species, in the liver. 
It is also present in blood platelets from which it can be 
released upon activation. Plasma concentrations of PAI-1 
are elevated in sepsis, 8 postoperatively, 9 and in patients with 
an increased risk of recurrent myocardial infarction. 10 PAI- 
1 protein and mRNA are also enhanced in arteriosclerotic 
blood vessels. 1 1,12 A number of components including bacte- 
rial lipopolysaccharide (LPS), the inflammatory mediators 
tumor necrosis factor a (TNFa) and interleukin-1 (IL-1), 
thrombin, transforming growth factor 0 (TGF/?), and oxi- 
dized lipoproteins enhance the synthesis of PAI- 1 by endo- 
thelial cells in vitro. 13 19 LPS, IL-1, and TNFa also increase 
the plasma concentration of PAI-i in v ivo. 13 14 16 19 21 This is 
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feet of genistein on PAI-1 transcription proceeds indepen- 
dently of its effect on mitogenesis. In contrast to TIMFa-in- 
duced PAI-1 production, the transcription and synthesis of 
urokinase-type plasminogen activator <u-PA) was not inhib- 
ited by genistein. A TNFa-mutant (Trp 32 Thr 86 TNF«) that spe- 
cifically recognizes the 55-kD TNF-receptor, mimicked the 
effects of TNFtt on both PAI-1 and u-PA. Because genistein 
affected PAI-1, but not u-PA induced by this mutant, involve- 
ment of different TNF-receptors cannot underlie the differ- 
ence in the effects of genistein on PAI-1 and u-PA synthesis. 
Because genistein also inhibited PAI-1 induction by throm- 
bin and IL-4, it is likely that genistein does not act on a TNFa- 
receptor-coupled protein kinase but on the signal transduc- 
tion pathway enhancing PAI-1 transcription. Our results 
suggest that the TNFa-induced signal transduction pathway 
of PAI-1 transcription involves a genistein -sensitive step that 
is not involved in the induction of u-PA by TNFa. Given the 
limited sensitivity to several other tyrosine protein kinase 
inhibitors, this genistein-sensitive step may be a potential 
target for pharmacologic intervention to reduce elevated 
plasma PAI-1 levels. 

© 1994 by The American Society of Hematology. 



predominantly associated with an increased synthesis of 
PAI-1 in the endothelial cells. 22 23 

Because an elevated concentration of PAI-1 in plasma can 
decrease the fibrinolytic activity in blood or in thrombi and 
has been associated with the increased risk of thrombus for- 
mation in sepsis, it could be of clinical importance to reduce 
PAI- 1 production. However, no drugs are available yet, and 
insight into the regulation of PAI- 1 synthesis is still insuffi- 
cient to design such a drug. In a study on the effects of basic 
fibroblast growth factor (b-FGF) and TNFa on the synthesis 
of u-PA and PAI-1, we observed that the isoflavone com- 
pound genistein inhibited TNFa-induced PAI-1 production 
(see below). Two recent studies also showed that endothelial 
PAI- 1 production, which was enhanced by insulin 24 or by b- 
FGF, 25 was inhibited by genistein in vitro. No effect of geni- 
stein on PAI-1 mRNA was observed, 24 and the effect of 
genistein was largely attributed to inhibition of the tyrosine 
kinase activity of the receptor for insulin or b-FGF, respec- 
tively. In the present report we describe the inhibitory effect 
of genistein on the TNFa-enhanced PAI-1 transcription and 
synthesis in human endothelial cells. Our data point to a 
specific TNFa-induced signal transduction pathway enhanc- 
ing PAI-1 transcription, which is inhibited by genistein but 
not by several other tyrosine protein kinase inhibitors, and 
which is not involved in TNFa-induced urokinase-type plas- 
minogen activator (u-PA) production. 

MATERIALS AND METHODS 

Materials. Human recombinant TNFa 26 was a gift from Jan Tav- 
ernier (Biogent, Gent, Belgium); the TNFa preparation contained 
2.45 X 10 7 U/mL mg protein and less than 40 ng LPS per milligram 
of protein. A human recombinant TNFa-mutant Trp 32 Thr 86 TNFa 
(Ro-45-2089/000), which interacts only with the 55-kD TNF-recep- 
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tor, 27 was a gift from Dr Werner Lesslauer (Hoffmann-LaRoche, 
Basel, Switzerland); the preparation contained 7.6 endotoxin units 
(EU) LPS per milligram of protein of TNFa mutant. IL-4 28 was a 
gift from Rene de Waal Malefyt (DNAX, San Francisco, CA); the 
IL-4 preparation had a specific activity of 10 7 U/mg protein. LPS 
of Escherichia coli and bovine a-thrombin were purchased from 
Sigma (St Louis, MO). Genistein, daidzein, tyrphostin A47, herbi- 
mycin A, compound 5, methyl-2,5-dihydroxy-cinnamate, and so- 
dium orthovanadate were obtained from LC Laboratories (Woburn, 
MA). The pUK 0321 harboring a 1,023-bp fragment of the human 
u-PA cDNA 29 was a gift from Dr Wolf-Dieter Schleuning (Schering 
AG, Berlin, Germany); the PAI-1 cDNA probe, 30 the t-PA cDNA 
probe, 31 the glyceraldehyde phosphate dehydrogenase (GAPDH) 
cDNA probe, 32 and the actin cDNA probe 33 were described pre- 
viously. The u-PA receptor cDNA probe 34 was a gift from Drs 
Francesco Blasi and Kjeld Dan0 (Copenhagen, Denmark); the 55- 
kD TNF receptor cDNA probe (Gen EMBL M33480) and the 75- 
kD TNF receptor cDNA probe (Gen EMBL X54716) were kindly 
provided by Dr Werner Lesslauer. Human recombinant b-FGF, Pro- 
teinase K, and Sephadex G50 (fine) columns were obtained from 
Boehringer Mannheim (Mannheim, Germany); DNAase I was from 
Bethesda Research Laboratories (Bethesda, MD). Hybond-N + filters, 
Hyperfilm MP, and [a 32 P]UTP, [<x 32 P]dCTP, and [ 3 H]thymidine were 
obtained from Amersham (Amersham, Bucks, UK). 

Isolation and culture of endothelial cells. Endothelial cells from 
human umbilical vein were isolated, cultured, and characterized as 
previously described. 35 Cells were incubated in Ml 99 medium sup- 
plemented with 20 mmol/L HEPES (pH 7.3), 10% pooled human 
serum, 10% heat-inactivated newborn calf serum, 150 ^g/mL crude 
endothelial cell growth factor, 36 5 U/mL heparin, 100 IU/mL penicil- 
lin, and 100 jug/mL streptomycin at 37°C under 5% CO z /95% air 
atmosphere. Conditioned media were obtained after 24 hours incuba- 
tion of confluent cells (after 1 or 2 passages) in Ml 99 medium, 
supplemented with 20 mmol/L HEPES (pH 7.3), 10% pooled human 
serum, penicillin/streptomycin, and the indicated agents. They were 
immediately centrifuged and stored at -20°C until assay of fibrinol- 
ysis proteins. 

Incorporation of [ 3 H]thymidine. Incorporation of [ 3 H]thymidine 
in DNA was determined as previously described. 37 Confluent cul- 
tures of endothelial cells were detached by trypsin/EDTA solution, 
and seeded at a density of 10 4 cells per cm 2 on fibronectin-coated 
dishes cells in M199-HEPES medium supplemented with 10% heat- 
inactivated newborn calf serum and penicillin/streptomycin with or 
without 10 ng/mL b-FGF. After a preincubation period of 18 hours, 
a tracer amount of [ 3 H]thymidine (0.5 /xCi per 2 cm 2 well, added in 
a 10-//L volume) was added and the cells were incubated for another 
6-hour period. Subsequently, the cells were washed with phosphate- 
buffered saline; and [ 3 H]-labeled DNA was precipitated in 10% 
trichloroacetic-acid, washed, washed twice in 96% ethanol, dissolved 
in 0.3 mL 0.3 mol/L NaOH, and counted in a liquid scintillation 
counter. 

RNA isolation and Northern blotting. Total RNA was isolated 
according to the method of Chomczynski and Sacchi. 38 Formalde- 
hyde-agarose gel electrophoresis, Northern blotting, and hybridiza- 
tion were performed as previously indicated. 30 

Isolation of nuclei and run-on experiments. Rate of transcription 
was estimated from run-on experiments, which were conducted es- 
sentially as described by Groudine et al, 39 with minor modifica- 
tions. 40 To that end, the cells of 12 confluent primary cultures were 
detached and pooled, and subcultured; tight confluent monolayers 
of cells (after two passages) were used. For each nuclear preparation 
324 cm 2 of confluent endothelial cells were used. These cells were 
washed and incubated for 4 hours in culture medium supplemented 
with 500 U/mL TNFa or without this cytokine. Subsequently the 



cells were washed, scraped, and centrifuged, and the nuclei were 
isolated as previously described and stored at -80°C until use. 40 

Details of the subsequent RNA labeling during run of transcription 
of the isolated nuclei, and the isolation of the labeled RNA are given 
by Twisk et al. 40 Incorporation of the label was measured by liquid- 
scintillation counting, and equal amounts of labeled RNA were 
added to the filters for hybridization. 

Target DNA, which was 10 p% of linearized plasmid material 
containing cDNA sequences of human PAI-1, u-PA, tissue-type plas- 
minogen activator (t-PA), u-PA receptor, 75-kD TNF receptor, 55- 
kD TNF receptor, actin, or GAPDH, were slot-blotted onto strips of 
Hybond-N + filter and cross-linked with 0.4 mol/L NaOH for 30 
minutes. The filters were preincubated for 30 minutes at 65°C in a 
0.5 mol/L sodium phosphate buffer (pH 7.5) containing 7% (wt/vol) 
sodium dodecyl sulfate (SDS) and 1 mmol/L EDTA. Next, they 
were hybridized with the labeled RNA for 36 hours in the same 
buffer. The various filters were washed once for 5 minutes and twice 
for 30 minutes in 2x SSC/1% SDS at 65°C, and exposed to Hyper- 
film MP together with an intensifying screen (Eastman Kodak Co, 
Rochester, NY) for 2 to 14 days at -80°C. 

Quantification of RNA. The relative amounts of RNA on the 
Northern blots and hybridized after run-on assay were quantified 
from adequately exposed autoradiographs by scanning with a Shi- 
madzu CS 910 chromatograph scanner (Shimadzu, Kyoto, Japan) 
and integration of the areas under the curves by using a data proces- 
sor, as described by Twisk et al. 40 

Assays. Levels of PAI-1 antigen in endothelial cell conditioned 
media were assayed by enzyme-linked immunosorbent assay 
(ELISA) (IMULYSE PAI-1) obtained from Biopool (Umea, Swe- 
den), according to the manufacturer's description. 

Assay of t-PA antigen was performed with the ELISA Thrombo- 
nostika t-PA (Organon-Teknika, Turnhout, Belgium) as described 
by Bos et al 41 In this assay, free t-PA and t-PA:PAI-l complexes 
are detected with equal efficiency. 

The amount of u-PA antigen was determined by ELISA using two 
monoclonal antibodies (MoAbs) (UK 2.1 and UK 26.15 recognizing 
different epitopes on the u-PA antigen) as catching antibodies and 
a biotinylated MoAb (LMW 1 1.1) as a tagging antibody. The mono- 
clonals were raised and characterized in our laboratory. Ukidan two- 
chain u-PA (Serono, Aubonne, Switzerland) was used as a standard. 
The assay determines sc-u-PA, active tc-u-PA, and u-PA:PAI-l com- 
plex with equal efficiency. 

Cells were counted in a hemocytometer after detachment by tryp- 
sin/EDTA treatment. 

Statistics. Statistical significance was analyzed by the Student's 
f-test for paired data and accepted at P < .05. 

RESULTS 

The inflammatory mediators TNFa, IL-1, and LPS induce 
a several-fold increase in PAI-1 synthesis in human endothe- 
lial cells. When the cells were simultaneously incubated with 
genistein, this increase was prevented in a concentration- 
dependent way (Fig 1, A and B; Table 1). Half-maximal 
inhibition was observed at about 20 fig/mL genistein (75 
Atmol/L). Daidzein (10 to 100 jug/mL), a structural analogue 
of genistein with a much lower tyrosine kinase inhibitory 
activity, 42 did not reduce the induction of PAI-1 by inflam- 
matory mediators (not shown). Genistein had a smaller but 
consistent suppressive effect on the basal production of PAI- 
1 antigen (Fig 1A, Table 1). Increases in PAI-1 synthesis 
induced by IL-4 (Table 1) or thrombin (1 U/mL, not shown) 
were inhibited to a similar extent as those induced by the 
inflammatory mediators TNFa, IL-la, and LPS, but gen- 
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Fig 1 . Genistein inhibits PAI-1 synthesis in a concentration-dependent way. PAI-1 and u-PA antigens were assayed in conditioned medium 
(A and C) and 0.5% Triton X-100 cell extracts obtained after 24-hour incubation of human umbilical vein endothelial cells (confluent after one 
passage) in M 199- 10% human serum supplemented with 500 U/mL TNFa (O), 5 U/mL IL-1« (□), 10 /ig/mL LPS (A), or without addition of 
inflammatory mediator (•). Genistein was added 1 hour before the incubation, and remained present throughout the 24-hour period. PAI-1 
and u-PA antigens were determined as indicated in Materials and Methods. u-PA antigen values in the cell extracts were all less than 0.1 ng/ 
10 5 cells. 



istein did not reduce the basal or stimulated production of 
u-PA (Fig 1C, Table 1). Genistein had no effect on the basal 
t-PA production. However, the TNFa- and LPS -induced de- 
creases in t-PA synthesis were counteracted by (preincuba- 
tion of the endothelial cells with 100 /-tg/mL genistein (Table 
1). Cell viability was not affected by the various concentra- 
tions of genistein used. 

Genistein inhibits mitogenesis by inhibiting tyrosine phos- 
phorylation. We evaluated whether inhibition of mitogenesis 
and inhibition of PAI- 1 synthesis by genistein were coupled. 
Endothelial cell growth was stimulated by b-FGF. Figure 
2A shows that various tyrosine protein kinase inhibitors 
(genistein, tyrphostin A47, 43 herbimycin A, 44 the stable erbs- 
tatin analogue methyl-2,5~dihydroxy-cinnamate, 45 and the 
thiazolidine-dione compound 5 46 ) reduced b-FGF -induced 
[ 3 H] thymidine incorporation in human endothelial cells. 
However, whereas herbimycin A, tyrphostin A47, methyl- 
2,5-dihydroxy-cinnamate, and compound 5 were as least as 
active as genistein in inhibiting [ 3 H]thymidine incorporation, 
only genistein and herbimycin A reduced PAI-1 synthesis 
in TNFa-treated endothelial cells (Fig 2B). 



To obtain further evidence for the involvement of tyrosine 
phosphorylation in the regulation of PAI-1 synthesis, endo- 
thelial cells were incubated with various concentrations of 
vanadate. Figure 2C shows that PAI-1 synthesis increased 
in a concentration-dependent way after incubation with vana- 
date. Simultaneous measurement of the incorporation of 
[ 35 S]methionine in trichloroacetic acid-soluble products 
showed that this increase was not caused by a change in 
overall protein synthesis. Vanadate did not affect the overall 
protein synthesis at concentrations up to 30 fimol/L (TNFa- 
treated cells) or 100 ^mol/L (control cells) (not shown). 

To investigate if genistein affected the production of PAI- 
1 mRNA, RNA was extracted from cells 6 hours or 18 hours 
after addition of TNFa and/or genistein, and PAI-1 mRNA 
quantities were evaluated from Northern blots by autoradiog- 
raphy and density scanning (Fig 3). TNFa induced a marked 
increase in the two PAI-1 mRNAs, the 3.0-kb species being 
slightly more elevated than the 2.3-kb form. A profound 
decrease in PAI-1 mRNA was observed when the cells were 
simultaneously incubated with 30 or 100 jug/mL genistein. 
Genistein also decreased the PAI-1 mRNA under basal con- 



Table 1. Effect of Genistein on the Production of PAI-1, u-PA, and t-PA by Human Endothelial Cells 

PAI-1 Antigen u-PA Antigen t-PA Antigen 

Addition % of Control % of Control % of Control 

None =100 =100 -100 

(138 ± 21 ng/10 5 cells) (0.25 ± 0.16 ng/10 5 cells) (2.5 ± 0.9 ng/10 5 cells) 

Genistein (100 //g/mL) 50 ± 2* 103 ± 26 88 ± 7 

TNFa (500 U/mL) 418 ± 93t 952 ±131 62 ± 4 

TNFa + genistein 98 ± 8* 917 ± 144 96 ± 3 

LPS (10 /zg/mL) 337 ± 54t 416 ± 45 69 ± 3 

LPS + genistein 88 ± 10* 385 ± 57 102 ± 22 

IL-4 (200 U/mL) 145 ± 18t 95 ± 15 93 ± 12 

IL-4 + genistein 56 ± 4* 118 ± 27 81 ± 9 

The production of PAI-1, t-PA, and u-PA antigens was assayed in the endothelial cell-conditioned medium after a 24-hour incubation period 
in M199-10% human serum. Data represent the mean ± SEM of four independent cultures (confluent, after two passages). Genistein (100 fj,g/ 
ml) was added 1 hour before the incubation period and remained present during incubation. The effect of IL-4 was inhibited by specific IL-4 
antibodies and not influenced by addition of polymyxin B. 

Statistical significance was determined by the f-test for paired data: *P < .05 compared to without addition of genistein; *P < .01; tP < .05 
compared to no addition. 
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Fig 2. Effect of various tyrosine protein kinase inhibitors on b-FGF- induced [ 3 H]thymidine incorporation and TNFa-induced PAi-1 synthesis 
by human endothelial cells. Genistein (•), tyrphosttn A47 (A), herbimycin A {□), or compound 5 (A) did not affect cell viability or morphology 
at all concentrations tested; the erbstatin-analogue methyl-2,5-dihydroxy-cinnamate (O) was toxic for the cells above 10 to 30 pg/mL. (A) 
Mttogenesis was stimulated in subconfluent cells by addition of 20 ng/mL b-FGF and various concentrations of protein tyrosine kinase inhibitors 
(•, ▲, A, ■, O). After 18 hours, a tracer amount of [ 3 H]thymidine was added to the medium and incubation continued in the same medium 
for another 6 hours. Subsequently E 3 H]thymidine incorporation was determined as described in Materials and Methods. <B) The effect of the 
same protein tyrosine kinase inhibitors on the induction of PAI-1 antigen by 500 U/mL TNF<* was evaluated after a 24-hour period as described 
in the legend of Table 1. Data are mean ± SEM of three independent experiments; control values were 615 ± 145 ng/10 5 cells. (C) The effect 
of the tyrosine protein phosphatase inhibitor vanadate on PAI-1 production was measured in conditioned medium of cells that had been 
preincubated for 20 minutes with vandate and subsequently incubated for 24 hours with the same concentration of vanadate together with 
500 U/mL TNFa <■) or without it (□). 



ditions; it had no effect on the GAPDH mRNA under basal 
or TNFa-stimulated conditions. 

Transcriptional activation of the PAI-1 gene by TNFa 
was shown by run-on assay (Fig 4). Four hours after addition 
of TNFa the transcription rate of PAI-1 was elevated sev- 
enfold to ninefold, as determined by density scanning of the 
slot blots. Transcription of u-PA was hardly detectable under 
basal conditions; the amount of u-PA transcripts in run-on 
assay tended to be higher in the TNFa-treated cells. Tran- 
scription rates of GAPDH, 55-kD TNF-receptor (TNFR- 
p55), 75-kD TNF-receptor (TNFR-p75), and actin remained 
unaltered in nuclei of TNFa-treated cells and basal cells. 
Genistein prevented the increase in PAI-1 transcription, indi- 
cating that it acted on an event related to or preceding gene 
transcription of PAI-1. It also decreased the basal transcrip- 
tion of PAI-1, albeit to a lesser extent than that of the TNFa- 
induced increase of PAI-1. Genistein did not markedly 
change the transcription rates of u-PA, t-PA, u-PA receptor, 
GAPDH, or actin in TNFa-treated endothelial cells; it in- 
creased the transcription rates of both TNF-receptors by 30% 
to 70%. 

TNFa interacts with cells via two different receptors, a 
55-kD TNF-receptor and a 75-kD TNF-receptor. 47 To test 
the possibility that the different effects of genistein on PAI- 
1 and u-PA synthesis were caused by the involvement of 
different TNF-receptors, we used a TNFa mutant 
Trp 32 Thr 86 TNFa, which selectively activates the 55-kD 
TNF-receptor. 27 Both PAI-1 and u-PA synthesis were in- 
creased after selective activation of the 55-kD TNF-receptor 
(Fig 5). Simultaneous incubation with genistein reduced the 
increase in PAI-1 synthesis but not the u-PA induction. 

DISCUSSION 

Inflammatory mediators can markedly enhance PAI-1 pro- 
duction in vitro 13 " 19 and in vivo. 13,14,1 6,1 9 22 In the present study 



we found that genistein can inhibit TNFa-induced transcrip- 
tion and synthesis of PAI-1 by human endothelial cells in 
vitro, but not that of u-PA. Genistein was rather selective in 
this effect, because several other tyrosine kinase inhibitors 
were unable to inhibit PAI-1 synthesis. 

Genistein acted on the basal PAI-1 synthesis and, more 
potently, on TNFa-stimulated PAI-1 synthesis. Apparently 
it did not cause a general reduction of endothelial cell activa- 
tion by TNFa, because it did not affect the TNFa-induced 
production of u-PA. The different responses of PAI-1 and 
u-PA to genistein may be due to the involvement of different 
TNF receptors in the induction of PAI-1 and u-PA or to 
different regulation of PAI-1 and u-PA transcription and 
protein synthesis. A differential effect of genistein on the 
two TNF-receptors did not cause the different effects of 
genistein on PAI-1 and u-PA synthesis, because induction 
of both PAI-1 and u-PA was achieved by a selective 55-kD 
TNF-receptor agonist, and similar effects of genistein were 
then found. On the other hand, genistein markedly reduced 
the transcription rate of PAI-1, whereas it did not affect the 
transcription rate of u-PA. Therefore, genistein acts selec- 
tively on a pathway that stimulates the activation of the PAI- 
1 gene transcription. 

Additional evidence was obtained that the signal transduc- 
tion pathways for TNFa-induced synthesis of PAI-1 and 
that of u-PA diverge after receptor activation. Ro3 1-8220, a 
specific inhibitor of protein kinase C, 48 had a profound effect 
on u-PA synthesis and only a moderate effect on PAI-1 
synthesis by human endothelial cells (N.C.A.J. van de Kar, 
T. Kooistra, and V.W.M. van Hinsbergh, unpublished data, 
August 1993). These observations are in agreement with 
previously reported data showing the involvement of protein 
kinase C in TNFa-induced u-PA synthesis 49 and the relative 
insensitivity of endothelial PAI-1 synthesis to downregula- 
tion of protein kinase C. 50 Thus, a direct inhibition of protein 
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Fig 4, Transcription rates of various endothetiat ceH proteins was 
determined by run-on assay in mictei of human umbiiicai veia endo- 
thelial cetts 4 hours after addition of 500 U/mL TNFar Uanas 2 and 4} 
and in tneif untreated counterparts {isnes 1 and 3$. Gentstain tlOG 
f<g/mU was added 3 hour before the incubation and remained pres- 
ent during the 4-hour incubation (Janes 3 and 4}. The figures represent 
autoradtogrejns of the slot blots containing the indicated species of 
eDNA to which the radiolabeled HNA was hy bridged. The autoradio- 
graphs of fA* were obtained after an 1fc hour exposure of the fitms; 
those of (8j were exposed for ? days. Experimental details are de- 
scribed in Materials and Methods. TWR-pSS and TNFB-p?S indicate 
the two TNF receptors, u~PAR indicates the u-PA receptor 



kinase C, winch phosphorylaies at serine/threonine instead 
of tyrosine, is unlikely to be involved in geniistekt inhibition 
of PAb i transcription. 

Gentstetn has been widely used as a tyrosine protein kl- 
n use i nh i hhor 1 a nd i nh i bi red l>FG F - i ndnced m hogenesis 
of endothelial cells fiutt involves fyrosine protein kinase ac- 
tivity*' s - <<md this study), Pot sis ei aP s have reported that 
genisiein inhibits bns&t - and h-FC*P -induced production of 
PA!- J. in bovine endothelial ceils. They suggested that one 
of the possible mechanisms of gemstein action on these pa- 
rameters may be inhibition or the tyrosine protein kinase 
activity of the b-PGF receptor itself. A similar mechanism, 
inhibition of tyrosine protein kinase activity of the insulin 
receptor, has been proposed by Schneider et aP for the 
repression of PAI-J. synthesis by genisteia in insuim-stnmi- 
Uned cells. In otir expenments, reeepior -coupled tyrosine 
protein kinase activity seems not likely to underlie the inhibi- 
tion of PAl-l syamesis hy genistein, Severai tnediators, 
TNP«. LPS.iL-ttt, IL-4 f and thrombin, induce PAb ! pro^ 
diction in human endothelial celts. Irt all cases the induced 
PAI-1 production inhibited more strongly man the basal 
PAX- J production by gemstein. Furthermore, inhibition of 
PAH synthesis occurs selectiveiy by genisieim whereas sev- 
etul other tyrosine kinase inhibitors, including tyrphostin 
A47 and e<Hnpound 5. which trsnally inhibit receptor- linked 
tyrosine pixnein kitiase activity, appear not to inhibit PAbl 
synthesis. On the other hand, these tyrosine protein kinase 
inhibitors did Inhibit b-FGF-induced mnogenesis in human 
endothelial cells. Tins indicates ihai the tyrosine protein ki- 
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Fig 5. The induction of PAI-1 by the Trp 32 Thr 86 TNFa mutant, which 
only recognizes the 55-kD TNF-receptor (TNFR-p55), is inhibited by 
genistein, whereas the production of u-PA remains unaltered. The 
production of PAI-1 and u-PA antigens were assayed after 24-hour 
incubation of human umbilical vein endothelial cells in M199 medium- 
10% human serum, supplemented with 20 ng/mL TNFa, 20 ng 
Trp 32 Thr* 6 TNF« mutant, or with no further addition (control). Geni- 
stein (30 ftfl/mL [BL 100 jtg/mL [□]; no addition [■]) was added 1 
hour before the incubation period and remained present during 
incubation. The data represent the mean ± SEM of three different 
cultures. 



nase activity, which is necessary for the induction of mito- 
genesis, is not involved in PAI-1 induction. 

Two alternative explanations may account for the effect 
of genistein on PAI-1 synthesis. Genistein may act on PAI- 
1 synthesis by an effect unrelated to its action on protein 
phosphorylation or it may act on a specific protein phosphor- 
ylation, which is rather insensitive to most of the other tyro- 
sine protein kinase inhibitors tested. The first possibility is 
unlikely, because the structural analogue daidzein, which 
differs only from genistein by the lack of a hydroxylic group 
at the carbon-5 position (a change that results in a profound 
loss of tyrosine protein kinase inhibiting capacity 42 ) did not 
reduce PAI-1 synthesis. The findings that herbimycin A, 
another generally used tyrosine protein kinase inhibitor, also 
reduce PAI-1 synthesis, and that inhibition of tyrosine pro- 
tein phosphatase(s) by vanadate caused the opposite re- 



sponse, give additional evidence for the involvement of tyro- 
sine protein phosphorylation in the regulation of PAI-1 
synthesis. 

Several nonreceptor proteins have been mentioned as be- 
ing affected by genistein, including topoisomerases I and II, 54 
which can affect transcription, 54 ' 55 and S6 kinase in mitogen- 
stimulated cells. 56 Furthermore, genistein decreased c-myc 
mRNA in NIH-3T3 cells at a similar concentration as it 
inhibits PAI-1 synthesis in endothelial cells. 55 c-Myc has 
been implicated in the posttranscriptional regulation of PAI- 
2 57,58 However, the effect of genistein on endothelial PAI- 
1 synthesis occurred during or before transcriptional activa- 
tion of the PAI-1 gene. 

These observations lead us to conclude that a genistein- 
sensitive phosphorylation step is involved in the signal trans- 
duction pathway, which occurs between TNF-receptor acti- 
vation and transcription of PAI-1. The unique properties of 
the genistein-sensitive pathway of PAI-1 induction make it 
a potential target for pharmacologic intervention. 

ACKNOWLEDGMENT 

The authors thank Bea van der Vecht and Hetty Visser-Vernooij 
for skillful technical assistance. 

REFERENCES 

1 . Collen D, Lijnen HR: Basic and clinical aspects of fibrinolysis 
and thrombolysis. Blood 78:3114, 1991 

2. van Hinsbergh VWM: Impact of endothelial activation on fi- 
brinolysis and local proteolysis in tissue repair. Ann N Y Acad Sci 
667:151, 1992 

3. Montesano R: Regulation of angiogenesis in vitro. Eur J Clin 
Invest 22:504, 1992 

4. Blasi F: Urokinase and urokinase receptor: A paracrine/auto- 
crine system regulating cell migration and invasiveness. BioEssays 
15:105, 1993 

5. Pepper MS, Sappino A-P, Stocklin R, Montesano R, Orci L, 
Vassalli J-D: Upregulation of urokinase receptor expression on mi- 
grating endothelial cells. J Cell Biol 122:673, 1993 

6. Sprengers ED, Kluft C: Plasminogen activator inhibitors. 
Blood 69:381, 1987 

7. Loskutoff DJ, Sawdey M, Mimuro J: Type 1 plasminogen 
activator inhibitor, in Coller B (ed): Progress in Hemostasis and 
Thrombosis, vol 9. Philadelphia, PA, Saunders, 1989, p 87 

8. Pralong G, Calandra T, Glauser M-P, Schellekens J, Verhoef 
J, Bachmann F, Kruithof EKO: Plasminogen activator inhibitor 1: 
A new prognostic marker in septic shock. Thromb Haemost 61:459, 
1989 

9. Paramo J A, Alfaro MJ, Rocha E: Postoperative changes in the 
plasmatic levels of tissue-type plasminogen activator and its fast- 
acting inhibitor. Relationship to deep vein thrombosis and influence 
of prophylaxis. Thromb Haemost 54:713, 1985 

10. Hamsten A, de Faire U, Walldius G, Dahlen G, Szamosi A, 
Landou C, Blomback M, Wiman B: Plasminogen activator inhibitor 
in plasma: Risk factor for recurrent myocardial infarction. Lancet 
2:3, 1987 

1 1 . Schneiderman J, Sawdey MS, Keeton MR, Bordin GM, Bern- 
stein EF, Dilley RB, Loskutoff DJ: Increased type 1 plasminogen 
activator inhibitor gene expression in atherosclerotic human arteries. 
Proc Natl Acad Sci USA 89:6998, 1992 

12. Lupu F, Bergonzelli GE, Heim DA, Cousin E, Genton CY, 
Bachmann F, Kruithof EKO: Localization and production of plas- 
minogen activator inhibitor- 1 in human healthy and atherosclerotic 
arteries. Arterioscler Thromb 13:1090, 1993 



2990 



From www.bloodjournal.org at U S PATENT TRADEMARK OFFC on February 27, 2009. For personal use 

only. 

VAN HINSBERGH ET AL 



13. Colucci M, Paramo JA, Collen D: Generation in plasma of a 
fast-acting inhibitor of plasminogen activator in response to endo- 
toxin stimulation. J Clin Invest 75:818, 1985 

14. Emeis JJ, Kooistra T: Interleukin 1 and lipopolysaccharide 
induce an inhibitor of tissue-type plasminogen activator in vivo and 
in cultured endothelial cells. J Exp Med 163:1260, 1986 

15. Schleef RR, Bevilacqua MP, Sawdey M, Gimbrone MA, 
Loskutoff DJ: Cytokine activation of vascular endothelium. Effects 
on tissue-type plasminogen activator and type 1 plasminogen activa- 
tor inhibitor. J Biol Chem 263:5797, 1988 

16. van Hinsbergh VWM, Kooistra T, van den Berg EA, Princen 
HMG, Fiers W, Emeis JJ: Tumor necrosis factor increases the pro- 
duction of plasminogen activator inhibitor in human endothelial cells 
in vitro and in rats in vivo. Blood 72:1467, 1988 

17. Gelehrter TD, Sznycer-Laszuk R: Thrombin induction of 
plasminogen activator-inhibitor in cultured human endothelial cells. 
J Clin Invest 77:165, 1986 

18. Latron Y, Chautan M, Anfosso F, Alessi MC, Nalbone G, 
Lafont H, Juhan- Vague I: Stimulating effect of oxidized low density 
lipoproteins on plasminogen activator inhibitor- 1 synthesis by endo- 
thelial cells. Arterioscler Thromb 11:1821, 1991 

19. Sawdey MS, Loskutoff DJ: Regulation of murine type 1 plas- 
minogen activator inhibitor gene expression in vivo. Tissue specific- 
ity and induction by lipopolysaccharide, tumor necrosis factor-a, 
and transforming growth factor-/?. J Clin Invest 88:1346, 1991 

20. Suffredini AF, Harpel PC, Parrillo JE: Promotion and subse- 
quent inhibition of plasminogen activation after administration of 
intravenous endotoxin to normal subjects. N Engl J Med 320:1165, 
1989 

21. van Hinsbergh VWM, Bauer KA, Kooistra T, Kluft C, 
Dooijewaard G, Sherman ML, Nieuwenhuizen W: Progress of fibri- 
nolysis during tumor necrosis factor infusions in humans. Concomi- 
tant increase in tissue-type plasminogen activator, plasminogen acti- 
vator inhibitor type-1, and fibrin(ogen) degradation products. Blood 
76:2284, 1990 

22. Keeton M, Eguchi Y, Sawdey M, Ahn C, Loskutoff DJ: Cellu- 
lar localization of type 1 plasminogen activator inhibitor messenger 
RNA and protein in murine renal tissue. Am J Pathol 142:59, 1993 

23. Quax PHA, van den Hoogen CM, Verheijen JH, Padro T, 
Zeheb R, Gelehrter TD, van Berkel TJC, Kuiper J, Emeis JJ: Endo- 
toxin induction of plasminogen activator and plasminogen activator 
inhibitor type 1 mRNA in rat tissues in vivo. J Biol Chem 265:15560, 
1990 

24. Schneider DJ, Nordt TK, Sobel BE: Stimulation by proinsulin 
of expression of plasminogen activator inhibitor type-1 in endothelial 
cells. Diabetes 41:890, 1992 

25. Fotsis T, Pepper M, Adlercreutz H, Fleischmann G, Hase T, 
Montesano R, Schweigerer L: Genistein, a dietary-derived inhibitor 
of in vitro angiogenesis. Proc Natl Acad Sci USA 90:2690, 1993 

26. Marmenout A, Fransen L, Tavernier J, van der Hayden J, 
Tizard R, Kawashima E, Shaw A, Johnson MJ, Semon D, Muller 
R, Ruysschaert M-R, van Vliet A, Fiers W: Molecular cloning and 
expression of human tumor necrosis factor and comparison with 
mouse tumor necrosis factor. Eur J Biochem 152:512, 1985 

27. Mackay F, Loetscher H, Stueber D, Gehr G, Lesslauer W: 
Tumor necrosis factor a (TNF-a)- induced cell adhesion to human 
endothelial cells is under dominant control of one TNF receptor 
type, TNF-R55. J Exp Med 177:1277, 1993 

28. Le HV, Ramanathan L, Labdon JE, Mays-Ichinco CA, Syto 
R, Arai N, Hoy P, Takebe Y, Nagabhushan TL, Trotta PP: Isolation 
and characterization of multiple variants of recombinant human in- 
terleukin 4 expressed in mammalian cells. J Biol Chem 263:10817, 
1988 

29. Medcalf RL, van den Berg E, Schleuning W-D: Glucocorti- 
coid-modulated gene expression of tissue- and urinary-type plasmin- 



ogen activator and plasminogen activator inhibitor 1 and 2. J Cell 
Biol 106:971, 1988 

30. van den Berg EA, Sprengers ED, Jaye M, Burgess W, Maciag 
T, van Hinsbergh VWM: Regulation of plasminogen activator inhibi- 
tor- 1 mRNA in human endothelial cells. Thromb Haemost 60:63, 
1988 

31. van Zonneveld A-J, Chang GTG, van den Berg J, Kooistra 
T, Verheijen JH, Pannekoek H, Kluft C: Quantification of tissue- 
type plasminogen activator (t-PA) mRNA in human endothelial- 
cell cultures by hybridization with a t-PA cDNA probe. Biochem J 
235:385, 1986 

32. Fort P, Marty L, Piechaczyk M, El Sabrouty S, Dani C, Jean- 
teur P, Blanchard JM: Various rat adult tissues express only one 
major mRNA species from the glyceraldehyde-3-phosphate-dehy- 
drogenase multigenic family. Nucleic Acids Res 13:1431, 1985 

33. Dodemont HJ, Soriano P, Quax WJ, Ramaekers F, Lenstra 
J A, Groenen MAM, Bernardi G, Bloemendal H: The genes coding 
for the cytoskeletal proteins and vimentin in warm-blooded verte- 
brates. EMBO J 1:167, 1982 

34. Roldan AL, Cubellis MV, Masucci MT, Behrendt N, Lund 
LR, Dano K, Appella E, Blasi F: Cloning and expression of the 
receptor for human urokinase plasminogen activator, a central mole- 
cule in cell surface, plasmin dependent proteolysis. EMBO J 9:467, 
1990 

35. van Hinsbergh VWM, Bertina RM, van Wijngaarden A, van 
Tilburg NH, Emeis JJ, Haverkate F: Activated protein C decreases 
plasminogen activator-inhibitor activity in endothelial cell -condi- 
tioned medium. Blood 65:444, 1985 

36. Maciag T, Cerundolo J, Ilsley S, Kelley PR, Forand R: An 
endothelial cell growth factor from bovine hypothalamus: Identifica- 
tion and partial characterization. Proc Natl Acad Sci USA 76:5674, 
1979 

37. van Hinsbergh VWM, Havekes L, Emeis JJ, van Corven E, 
Scheffer M: Low density lipoprotein metabolism by endothelial cells 
from human umbilical cord arteries and veins. Arteriosclerosis 3:547, 
1983 

38. Chomczynski P, Sacchi N: Single-step method of RNA isola- 
tion by acid guanidinium thiocyanate-phenol -chloroform extraction. 
Anal Biochem 162:156, 1987 

39. Groudine M, Peretz M, Weintraub H: Transcriptional regula- 
tion of hemoglobin switching on chicken embryos. Mol Cell Biol 
1:281, 1981 

40. Twisk J, Lehmann EM, Princen HMG: Differential feedback 
regulation of cholesterol 7a-hydroxylase mRNA and transcriptional 
activity by rat bile acids in primary monolayer cultures of rat hepato- 
cytes. Biochem J 290:685, 1993 

41. Bos R, Hoegee-de Nobel E, Laterveer R, Meyer P, Nieuwen- 
huizen W: A one-step enzyme immunoassay for the determination 
of total tissue-type plasminogen activator (t-PA) antigen in plasma. 
Blood Coagul Fibrinol 3:303, 1992 

42. Akiyama T, Ishida J, Nakagawa S, Ogawara H, Watanabe S, 
Itoh N, Shibuya M, Fukami Y: Genistein, a specific inhibitor of 
tyrosine-specific protein kinases. J Biol Chem 262:5592, 1987 

43. Levitzki A: Tyrphostins: Tyrosine kinase blockers as novel 
antiproliferative agents and dissectors of signal transduction. FASEB 
J 6:3275, 1992 

44. Uehara Y, Fukazawa H, Murakami Y, Mizuno S: Irreversible 
inhibition of v-src tyrosine kinase activity by herbimycin A and its 
abrogation by sulfhydryl compounds. Biochem Biophys Res Com- 
mun 163:803, 1989 

45. Umezawa K, Hori T, Tajima H, Imoto M, Isshiki K, Takeuchi 
T: Inhibition of epidermal growth factor-induced DNA synthesis by 
tyrosine kinase inhibitors. FEBS Lett 260:198, 1990 

46. Geissler JF, Traxler P, Regenass U, Murray BJ, Roesel JL, 
Meyer T, McGlynn E, Storni A, Lydon NB: Thiazolidine-diones. 



From www.bloodjournal.org at U S PATENT TRADEMARK OFFC on February 27, 2009. For personal use 

only. 

GENISTEIN REDUCES TNF-INDUCED PAI-1 SYNTHESIS 



2991 



Biochemical and biological activity of a novel class of tyrosine 
protein kinase inhibitors. J Biol Chem 265:22255, 1990 

47. Tartaglia LA, Goeddel DV: Two TNF receptors. Immunol 
Today 13:151, 1992 

48. Davis PD, Hill CH, Keech E, Lawton G, Nixon JS, Sedgwick 
AD, Wadsworth J, Westmacott D, Wilkinson SE: Potent selective 
inhibitors of protein kinase C. FEBS Lett 259:61, 1989 

49. Niedbala MJ, Stein-Picarella M: Role of protein kinase C in 
tumor necrosis factor induction of endothelial cell urokinase-type 
plasminogen activator. Blood 81:2608, 1993 

50. Slivka SR, Loskutoff DJ: Regulation of type I plasminogen 
activator inhibitor synthesis by protein kinase C and cAMP in bovine 
aortic endothelial cells. Biochim Biophys Acta 1094:317, 1991 

51. Akiyama T, Ogawara H: Use and specificity of genistein as 
inhibitor of protein-tyrosine kinases. Methods Enzymol 201:362, 1991 

52. Burgess WH, Maciag T: The heparin-binding (fibroblast) 
growth factor family of proteins. Annu Rev Biochem 58:575, 1989 

53. Isacchi A, Statuto M, Chiesa R, Bergonzoni L, Rusnati M, 
Sarmientos P, Ragnotti G, Presta M: A six-amino acid deletion in 



basic fibroblast growth factor dissociates its mitogenic activity from 
its plasminogen activator-inducing capacity. Proc Natl Acad Sci 
USA 88:2628, 1991 

54. Okura A, Arakawa H, Oka H, Yoshinari T, Monden Y: Effect 
of genistein on topoisomerase activity and on the growth of [Val 
1 2]Ha-ras-transformed NIH 3T3 cells. Biochem Biophys Res Com- 
mun 157:183, 1988 

55. Merino A, Madden KR, Lane WS, Champoux JJ, Reinberg D: 
DNA topoisomerase I is involved in both repression and activation of 
transcription. Nature 365:227, 1993 

56. Linassier C, Pierre M, Le Pecq J-B, Pierre J: Mechanisms of 
action in NIH-3T3 cells of genistein, an inhibitor of EGF receptor 
tyrosine kinase activity. Biochem Pharmacol 39:187, 1990 

57. Prendergast GC, Cole MD: Posttranscriptional regulation of 
cellular gene expression by the c-myc oncogene. Mol Cell Biol 
9:124, 1989 

58. Prendergast GC, Diamond LE, Dahl D, Cole MD: The c- 
myc-regulated gene mrl encodes plasminogen activator inhibitor 
1. Mol Cell Biol 10:1265, 1990 



